TRAIL (tumor necrosis factor-related apoptosis-inducing ligand) is a recently identified member of the tumor necrosis factor cytokine superfamily. TRAIL has been shown to induce apoptosis in various tumor cell lines, whereas most primary cells seem to be resistant. These observations have raised considerable interest in the use of TRAIL in tumor therapy. Yet little is known about the physiological function of TRAIL. This is particularly the case in the immune system, where TRAIL has been suggested by some to be involved in target cell killing and lymphocyte death. We have developed a panel of mAbs and soluble proteins to address the role of TRAIL in lymphocyte development. These studies demonstrate activationinduced sensitization of thymocytes to TRAIL-mediated apoptosis and expression of the apoptosis-inducing TRAIL receptors. However, with the use of several model systems, our subsequent experiments rule out the possibility that TRAIL plays a major role in antigen-induced deletion of thymocytes. In contrast to thymocytes, there is no up-regulation of TRAIL receptors in peripheral T cells on activation, which remain resistant to TRAIL. Thus, susceptibility to TRAIL-induced apoptosis is controlled differently by central and peripheral T cells. T RAIL [Apo2L or tumor necrosis factor (TNF)-related apoptosis-inducing ligand] is a recently identified member of the TNF gene superfamily (1, 2). TRAIL interacts with four cellular receptors that form a distinct subgroup within the TNF receptor superfamily. TRAIL receptor 1 (TRAIL-R1 or DR4) (3) and TRAIL receptor 2 (also called TRAIL-R2, DR5, TRICK2, or KILLER) (4-7) have cytoplasmic death domains and signal for apoptosis and for NF-B (8). Two additional receptors highly homologous to TRAIL-R1 and -R2 were subsequently cloned that lack the death domain and have been proposed to act as functional blockers or decoys at the cell membrane. TRAIL-R3 (also called DcR1, TRAIL-R3, TRID, or LIT) (9-12) is a glycosylphosphatidylinositol-anchored cell surface protein that lacks a cytoplasmic tail. TRAIL-R4 (also called DcR2 or TRUNDD) has a truncated death domain that does not signal apoptosis induction but can activate NF-B (13-15). A fifth, slightly weaker receptor for TRAIL is osteoprotegrin, which is a secreted TNF receptor homologue that also binds to osteoprotegrin ligand (OPGL)͞receptor activator for NF-B ligand (RANKL), inhibits osteoclastogenesis, and increases bone density (16).
T
RAIL [Apo2L or tumor necrosis factor (TNF)-related apoptosis-inducing ligand] is a recently identified member of the TNF gene superfamily (1, 2) . TRAIL interacts with four cellular receptors that form a distinct subgroup within the TNF receptor superfamily. TRAIL receptor 1 (TRAIL-R1 or DR4) (3) and TRAIL receptor 2 (also called TRAIL-R2, DR5, TRICK2, or KILLER) (4-7) have cytoplasmic death domains and signal for apoptosis and for NF-B (8) . Two additional receptors highly homologous to TRAIL-R1 and -R2 were subsequently cloned that lack the death domain and have been proposed to act as functional blockers or decoys at the cell membrane. TRAIL-R3 (also called DcR1, TRAIL-R3, TRID, or LIT) (9-12) is a glycosylphosphatidylinositol-anchored cell surface protein that lacks a cytoplasmic tail. TRAIL-R4 (also called DcR2 or TRUNDD) has a truncated death domain that does not signal apoptosis induction but can activate NF-B (13) (14) (15) . A fifth, slightly weaker receptor for TRAIL is osteoprotegrin, which is a secreted TNF receptor homologue that also binds to osteoprotegrin ligand (OPGL)͞receptor activator for NF-B ligand (RANKL), inhibits osteoclastogenesis, and increases bone density (16) .
T cell receptors are created by a stochastic gene rearrangement process during thymocyte development, generating thymocytes bearing useful, as well as unwanted, specificities. Within the latter group, autoreactive thymocytes arise, which are eliminated by negative selection. Negative selection is a consequence of T cell antigen receptor (TCR) ligation (17) ; it occurs through apoptosis (18) and involves caspase activation (19) . However, the precise molecular mechanism of this deletion is unknown; indeed, it remains a matter of controversy whether cell surface receptors are involved. The paradigm of activation-induced cell death in the periphery where Fas (CD95͞APO-1) occupies an important position has prompted searches for similar signaling pathways in the thymus. The role of Fas in negative selection is controversial (20, 21) . Two other members of the TNF receptor family, CD30 and CD40 (22, 23) , have also been implicated, although again the scale and relevance of these findings are disputed.
In this report we have studied the expression of TRAIL and its receptors on thymocytes and peripheral T cells and evaluated the role of TRAIL in activation-induced death in these two populations.
Materials and Methods
Human Thymus Organ Culture (HTOC). Pediatric (children from 2 months to 2 years old, anonymously) thymus samples that are normally discarded during cardiac surgery were collected. Fresh thymus was cut into 1-mm 3 pieces and floated on filters (Millipore) in RPMI medium 1640 containing 10% FCS at 37°C and 5% CO 2 . Human thymus organ culture was monitored over a period of 48 h, during which CD4, CD8, and CD3 expression remained stable. Cross-linked TRAIL [100 ng͞ml ϩ 5 g͞ml anti-flag (Sigma)], polyclonal antibodies against TRAIL-R1 and TRAIL-R2 (1:100 dilution of rabbit antiserum), anti-CD3 (PharMingen), or 1 M dexamethasone (Sigma) were added to organ cultures for 18 h unless otherwise stated. Single suspensions of thymocytes were obtained by gentle disruption of the thymus organ, and triple staining with anti-CD4 phycoerythrin (Dako), anti-CD8 Tricolor (Caltag, South San Francisco, CA), or anti-CD19 FITC (Dako) and annexin V FITC (Roche Molecular Biochemicals) was performed.
For superantigen-induced deletion, HTOC was in the presence of 5 g͞ml superantigen enterotoxin B from Staphylococcus aureus (Sigma) and blocking proteins. After 24 h triple staining was performed with biotinylated V␤ 2 and 17 (Immunotech, Luminy, France, and Coulter) mAb followed by streptavidin-phycoerythrin (Sigma) and CD4 and CD8 staining. The remaining organs were left in culture for another 24 h in the presence of blocking proteins only and were subsequently stained as described above.
Antigenic Deletion in F5 Mice. Thymus organ cultures were as described (24) . Briefly fetal thymuses were isolated from day 15 embryos from F 5 Rag-1 Ϫ/Ϫ transgenic mice and cultured for 5 days. Then 10 M nonamer peptide NP 68 from the nucleoprotein of influenza virus (ASNENMDAM) was added in the presence or absence of 20 g͞ml TRAIL-R2-Fc for 20 h. After 24 h thymocytes were harvested and stained with anti-CD4 phycoerythrin and anti-CD8 FITC antibodies. 7-amino actinomyocin D (7AAD) staining was performed as described (24) .
For in vivo deletion experiments F 5 Rag-1
were crossed to Tap-1 Ϫ/Ϫ mice at the National Institute for Medical Research in Mill Hill. As described (25) F 5 Rag-1
were coinjected i.p. with peptide NP68 (50 nmol͞20 g body weight) and 150 g TRAIL-R2-Fc. Endotoxin levels of TRAIL-R2-Fc were checked with a LAL-Endotoxin kit (Sigma) and found to be lower than 0.25 endotoxin units͞ml. After 24 h the mice were killed and thymocytes were stained as described above. cells were used for each assay. Each experimental condition was set up in triplicate, and chromium release was determined by scintillation counting. Percentage specific lysis was determined as 100 ϫ (cpm experimental wells Ϫ cpm spontaneous release)͞(cpm maximum release Ϫ cpm spontaneous release).
Recombinant Proteins and Antibodies. Recombinant proteins were prepared as described earlier (6, 26) . Polyclonal antibodies against TRAIL-R1 and TRAIL-R2 were raised in rabbits against recombinant TRAIL-R1 and TRAIL-R2-Fc fusion protein. mAbs were raised in mice according to the standard procedure against TRAIL-R1, -R2, -R3, -R4 Fc-fusion proteins and TRAIL. They were tested for specificity in transfected 293T cells. Briefly 293T cells were transfected with TRAIL-R1, -R2, -R3, -R4, or TRAIL cDNA tagged with green fluorescent protein and stained with mAbs against the respective antigens followed by anti-mouse phycoerythrin and analyzed on a Becton Dickinson fluorescence-activated cell sorter. Antibodies were also checked for cross-reactivity.
Results
Newly generated mAbs against TRAIL-R1, -R2, -R3, -R4, and TRAIL were characterized on 293T cells transfected with the appropriate cDNA and expression analyzed by fluorescenceactivated cell sorter (data not shown). Staining with the mAbs showed that Jurkat cells express TRAIL-R2 and BJAB express TRAIL-R1 and TRAIL-R2 (Fig. 1) . Apoptosis was induced either by cross-linked TRAIL (TRAIL-flag ϩ anti-flag) or by a polyclonal rabbit antiserum raised to TRAIL-R1 or TRAIL-R2. Sensitivity to the polyclonal antisera correlated with receptor expression in BJAB and Jurkat, and death was inhibited in Jurkat by TRAIL-R2-Fc (Fig. 1) .
When murine or human thymocytes are cultured in suspension, a high rate of nonspecific death occurs, most probably because of a lack of signal from neighboring cells, as shown in the murine system (27) . We established a novel human thymus organ culture in which fresh human thymus was cut into 1-mm 3 pieces and floated on filters. To determine whether HTOC had characteristics similar to those of murine thymus organ culture, we stained surface markers CD4, CD8, CD3, CD69, and annexin V over a 2-week culture period. From this analysis we chose to study events up to 48 h, after which the proportion of the different subsets changed because of increased death rather than thymic development (data not shown).
To establish a system of negative selection in this HTOC we tested the effect of CD3 stimulation, which has been used in murine models (28) . Addition of anti-CD3 induced the downmodulation of the CD4 and CD8 coreceptors ( Fig. 2A) , which is also known to precede negative selection in murine thymocytes (17, 29) . At a low dose (100 ng͞ml) anti-CD3 induces coreceptor down-modulation but does not induce death, whereas high doses (500 ng͞ml) mimic negative selection in the human thymus ( Fig.   Fig. 1 . Expression of TRAIL-R1 and -R2 and sensitivity to TRAIL of Jurkat and BJAB. Cells were stained with mAbs against TRAIL-R1 (solid line) or TRAIL-R2 (dashed line). Sensitivity to cross-linked TRAIL and polyclonal antisera to TRAIL-R1 and -R2 was tested with the use of a chromium release assay. Killing was shown to be specific by blocking with 20 g͞ml TRAIL-R2-Fc where indicated. Error bars were calculated from triplicates, this experiment was repeated at least three times. (Fig. 2B) . The lack of requirement for cross-linking in these experiments is probably explained by capture of anti-CD3 by Fc receptors expressed on thymic epithelial cells.
Next we tested for the sensitivity of human thymocytes to TRAIL. Human thymocytes were not sensitive to TRAIL immediately ex vivo or after overnight organ culture. However, the low͞sublethal dose of anti-CD3 sensitized thymocytes to TRAIL-induced death after 6 h, 12 h, or 18 h (18 h shown in Fig.  3 D-G ) of culture. Death was observed in CD4 ϩ CD8 ϩ , CD4 ϩ , and CD8 ϩ thymocytes to the same extent (data not shown). Similar results were found for thymocytes cultured in suspension, where background death was much higher than in organ culture ( Fig. 3 B-C) . Trypan blue staining showed a 50% reduction in viable cells when anti-CD3-activated cells were cultured in the presence of anti-TRAIL-R2 or crosslinked TRAIL. Results were further confirmed by propidium iodide staining; subdiploid DNA-containing cells increased from 7% to 33% when TRAIL receptors were crosslinked (data not shown). Anti-CD3 (100 ng͞ml), anti-TRAIL-R2, or TRAIL-flag, when used in isolation, did not induce thymocyte death (Fig. 3 B-G) .
Thymocytes were tested for surface expression of TRAIL receptors and TRAIL by fluorescence-activated cell sorter. After overnight culture human thymocytes did not express any of the TRAIL receptors or TRAIL (Fig. 4) . However, after overnight culture in the presence of anti-CD3 (100 ng͞ml), CD4 ϩ CD8 ϩ and CD4 ϩ thymocytes expressed both TRAIL death receptors TRAIL-R1 and -R2 (Fig. 4 ). Yet we failed to detect expression of the non-apoptosis-inducing TRAIL receptors R3 and R4 (data not shown). Furthermore, we did not detect membrane expression of TRAIL by fluorescence-activated cell sorter. Finally, the supernatants of human organ cultures or lysed thymocytes stimulated with anti-CD3 were negative for TRAIL expression, according to a sensitive sandwich ELISA detecting picograms of TRAIL recombinant protein (data not shown).
We next looked at peripheral T cells. Human peripheral blood lymphocytes were prepared from blood and cultured in the presence of phytohemagglutinin, phorbol 12-myristate͞ ionomycin, or anti-CD3 alone or in combination with IL-2, IFN␥, IL-7, IL-13, Mip1␣, Mip1␤, regulated upon activation normal T cell expressed and selected (RANTES), IL-4, or IL-12 (results are shown only for anti-CD3 stimulation). Cells were analyzed for TRAIL and TRAIL receptor expression over a 6-day time course, and sensitivity to TRAIL was assessed in parallel. Peripheral T lymphocytes stained very weakly positive with anti-TRAIL-R1 and -R2 antibodies, this expression is not up-regulated upon anti-CD3 stimulation (CD4 ϩ lymphocytes shown in Fig. 4) . In contrast to the results obtained with thymocytes, we did not observe sensitivity to TRAIL under any of the conditions outlined above (only anti-CD3 stimulation shown in Fig. 3A) .
After anti-CD3 stimulation thymocytes up-regulated both TRAIL-R1 and -R2 on their surface and, concomitantly, became susceptible to TRAIL-induced apoptosis, we therefore investigated the possibility that TRAIL is responsible for thymic negative selection. As described earlier, a lethal dose of anti-CD3 (500 ng͞ml) induced the death of CD4 ϩ CD8 ϩ , CD4 ϩ , and CD8 ϩ thymocytes (Fig. 2) . To determine whether this death was due to TRAIL we performed HTOC in the presence of TRAIL-R2-Fc to block TRAIL activity. However, anti-CD3-induced death of human thymocytes was not blocked by TRAIL-R2-Fc (Fig. 5A) . We repeated this experiment with a dose of 10, 20, and 40 g͞ml, and no inhibitory effect was observed at any concentration tested. As a second model for negative selection we tested superantigen enterotoxin B-induced deletion (30) . About 5% of CD4 ϩ thymocytes expressed V␤17, and upon addition of superantigen the majority of these were deleted after 24 h (Fig. 5B) , whereas V␤2-expressing thymocytes (9-11%) were not deleted (data not shown). To check whether V␤17-expressing thymocytes were indeed deleted and had not just down-regulated their TCR, culture was extended for a further 24 h without superantigen (31). V␤17 was not reexpressed at the surface (Fig. 5B, Left) , indicating that thymocytes were truly deleted. To test the effect of TRAIL we added TRAIL-R2-Fc (10, 20, and 40 g͞ml), but again there was no inhibition of negative selection, as evidenced by V␤17 deletion (20 g͞ml shown in Fig. 5B) . A further 24-h culture without superantigen but in the presence of TRAIL-R2-Fc did not rescue the expression of V␤17 on these cells (Fig. 5B) .
To test the role of TRAIL in vivo, we used a transgenic mouse system. These mice were injected with NP68, the agonist peptide recognized by the F 5 TCR. After 24 h CD4 and CD8 expression was down-modulated (Fig. 6A) , and 55% of thymocytes died, as shown by 7-amino actinomycin D staining (Fig. 6B ). Murine and human TRAIL have been shown to be cross-reactive, and, furthermore, human TRAIL-R2 has been shown to block murine TRAIL (1, 33) . Injection of TRAIL-R2-Fc alone did not induce any death above background. Moveover, antigenic deletion of thymocytes still occurred in the presence of 150 g per mouse TRAIL-R2-Fc (Fig. 6 A) . This amount was chosen according to a report by Song et al., where collagen-induced arthritis was exacerbated in the presence of 100 g per mouse of TRAIL-R2-Fc. Furthermore, 150 g of Fas-Fc was also sufficient to block antigenic-induced deletion of thymocytes in vivo (34) .
We cannot formally exclude the possibility that TRAIL-R2-Fc did not reach the thymus in vivo. Therefore we performed an in vitro experiment in which embryonic day 15 fetal thymi from F 5 Rag-1 Ϫ/Ϫ mice were cultured for 5 days in vitro for development of CD4 ϩ CD8 ϩ thymocytes. Then agonist peptide NP68 was added for 24 h in the presence or absence of TRAIL-R2-Fc. After 5 days of culture the agonist peptide reduced the CD4 ϩ CD8 ϩ thymocyte population from 66% to 20% (Fig. 6C) . Twenty micrograms per milliliter of TRAIL-R2-Fc alone was not toxic for the thymocytes, and, as in the in vivo experiment, there was no inhibition of deletion of CD4 ϩ CD8 ϩ thymocytes.
Discussion
Early observations with TRAIL showed that whereas most normal tissues were resistant, many tumor cell lines were extremely sensitive to its actions. One explanation for this discrepancy was the observation that normal cells expressed the decoy TRAIL receptors, whereas these are frequently absent from tumor cells. However, the ''decoy'' functions of decoy receptors have recently been questioned. In melanoma cells (35) (36) (37) , keratinocytes (38) , and dendritic cells (39, 40) , TRAIL resistance did not correlate with the level of decoy receptor expression. This suggests that TRAIL sensitivity can be controlled intracellularly, perhaps by inhibitory molecules such as cFLIP, but the roles of decoy receptors in more physiological settings remain to be established. Despite the widespread interest in TRAIL as a potential tumor therapy, its biological role remains poorly understood. Such knowledge, particularly of humans, will be important in the evaluation of the potential risks of this therapy if it is used clinically. In the immune system there have been a number of reports on TRAIL, including T cell apoptosis (2, 41, 42) , target killing by natural killer cells (43) , macrophages (44) , and dendritic cell death (39, 45) .
We postulated that differential expression of TRAIL death, and decoy receptors in the thymus might control thymic selection events. Thus it is possible that negatively selected thymocytes express TRAIL receptors without decoy receptors, whereas positively selected thymocytes are rescued by the expression of decoy receptors. Interestingly, thymocytes do become sensitive to TRAIL after stimulation with anti-CD3. This sensitivity correlated with the stimulation-induced up-regulation of TRAIL-R1 and -R2; however, we found no expression of decoy receptors before or after stimulation. These initial results prompted us to test for a role in negative selection in a number of model systems. Several approaches were taken because the choice of model system for negative selection has been controversial (46) . These included the establishment of a novel human thymus organ culture and the F 5 TCR transgenic mice. In each of these systems blocking TRAIL with TRAIL-R2-Fc failed to inhibit negative selection. Nevertheless the possibility remains that the antigen doses we used were too high for a TRAIL-R2-Fc to block deletion. A mouse deficient for TRAIL or TRAIL-R1 and TRAIL-R2 could shed more light on the role of TRAIL in negative selection.
Our findings are reminiscent of the studies performed on other members of the TNF-R family, such as Fas. Immature CD4 The identity of the downstream adaptor for TRAIL-mediated apoptosis has been debated, but it is now generally accepted that TRAIL-R1 and -R2 recruit FADD and caspase-8 (55) (56) (57) . Mice expressing a dominant negative FADD under the proximal lck promoter allowing expression in the thymus do not have a defect in negative selection (58) (59) (60) . Retroviral transfer of c-flip, a naturally occurring antagonist of caspase-8, similarly did not effect T cell development in the thymus (61) . In another series of experiments transgenic overexpression of v-flip, the viral counterpart of c-flip under the proximal lck promoter, reduced thymic cellularity probably by inhibiting a proliferative signal emanating from FADD (62) .
It has recently been demonstrated that members of the TNF receptor family, such as CD30, CD40, and TNF-R2, which lack a death domain and therefore do not interact with FADD, can use indirect pathways to trigger apoptosis (ref. 63 and reviewed in ref. 64 ). The partial defect in negative selection seen in CD30 Ϫ/Ϫ mice may be explained by such indirect pathways. Indeed, TRAIL could be a downstream molecule of CD30. Recent mining of expressed sequence tag databases has uncovered many new members of the TNF and TNF receptor families. Many of these proteins are expressed on lymphocytes, and it may be that there is considerable functional redundancy in some of their effects. If so, then deleting or inhibiting one pathway may not be sufficient to prevent negative selection, and strains of mice lacking multiple receptors͞ligands may prove more informative.
The expression of death receptors such as Fas and TRAIL-R1͞R2 on activated thymocytes remains a conundrum. In all cases thymocytes expressing these molecules are exquisitely sensitive to their ligation, yet their role in thymic development is not clear. In contrast to others (42), we were unable to demonstrate sensitivity of peripheral T cells to TRAIL, even after activation or stimulation with cytokines. Indeed, TRAIL-R1 and -R2, the levels of which were low on resting cells, were not up-regulated by anti-CD3, in contrast to the receptor up-regulation seen on thymocytes. One possible explanation for this result is that signaling events downstream of anti-CD3 differ between thymocytes and mature lymphocytes, as indeed a distinct set of transcription factors is activated after antigenic stimulation of thymocytes and lymphocytes (65, 66) . This also holds true for more proximal components in TCR signaling (67) .
Preclinical studies in mice and nonhuman primates have shown that administration of TRAIL can induce apoptosis in human tumors, but that no cytotoxicity to normal organs or tissues is found (68, 69) . This has led to the testing of TRAIL as a novel candidate drug in cancer therapy. The susceptibility of thymocytes to TRAIL reported in this study, together with the sensitivity of hepatocytes (70) and brain cells (71) , necessitates a cautionary approach to the use of TRAIL in cancer therapy.
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